Mesenchymal cell migration in interstitial tissue is a cyclic process of coordinated leading edge protrusion, adhesive interaction with extracellular matrix (ECM) ligands, cell contraction followed by retraction and movement of the cell rear. During migration through 3D tissue, the force fields generated by moving cells are non-isotropic and polarized between leading and trailing edge, however the integration of protrusion formation, cell-substrate adhesion, traction force generation and cell translocation in time and space remain unclear. Using high-resolution 3D confocal reflectance and fluorescence microscopy in GFP/actin expressing melanoma cells, we here employ time-resolved subcellular coregistration of cell morphology, interaction and alignment of actin-rich protrusions engaged with individual collagen fibrils. Using single fibril displacement as sensitive measure for force generated by the leading edge, we show how a dominant protrusion generates extension-retraction cycles transmitted through multiple actin-rich filopods that move along the scaffold in a hand-overhand manner. The resulting traction force is oscillatory, occurs in parallel to cell elongation and, with maximum elongation reached, is followed by rear retraction and movement of the cell body. Combined live-cell fluorescence and reflection microscopy of the leading edge thus reveals step-wise caterpillarlike extension-retraction cycles that underlie mesenchymal migration in 3D tissue.
Introduction
The migration of individual cells through interstitial tissue is a multistep process mediated by the polarized interaction of the cell body with extracellular matrix (ECM) structures. The canonical 4-or 5-step cycle of adhesion-dependent cell migration depends upon shape change, cell-substrate interaction and cell-mediated force generation toward the tissue [1, 2] . First, the cytoskeleton of the cell polarizes and forms one or several actin-rich extensions that define a leading edge. Second, the protruding leading edge contacts and transiently adheres with the ECM scaffold by engaging cell surface adhesion receptors. Third, by contraction of the actomyosin cytoskeleton that connects to adhesion complexes, traction force toward the ECM substrate is generated. This results in longitudinal tension inside the cell and reversible pulling force toward the ECM. Forth, the bipolar tension enforces retraction of the cell rear which then glides along the substrate and allows the movement of the cell body. When migrating cells express ECM-degrading proteases, transmigrated ECM is remodeled by pericellular proteolysis. This fifth step depends upon leading edge attachment and forward pulling while barrier-like ECM fibrils that impede the cell body are removed, ultimately leading to irreversible fibril realignment and ECM track formation [2, 3] .
The time-and length-scales of cell migration depend upon both ECM ligand availability and geometry, the type and turn-over speed of actin-rich protrusions that engage with the substrate, and their adhesion strength, the duration of ligand binding, and their proteolytic status [4] . The forces involved in cell-matrix interaction may thus vary from very low to high adhesion and traction, which together impact leading edge shape, function and consequences for structural ECM remodeling [5, 6] . Particularly invasive cells with high adhesion receptor expression and contractility, including fibroblasts and invasive tumor cells, generate strong adhesion and high forces toward the ECM, which typically results in slow migration speeds but very persistent migration even through dense, mechanically challenging ECM [5, 7] . Conversely, other cell types, including leukocytes and leukemia cells, generate weak and very transient adhesion forces and ECM deformation, and thereby reach multi-fold higher velocities [8] . The time-course of cell polarization and mechanotransduction is cyclic and depends upon the phase of the migration cycle, with low forces during protrusion formation and peak strain during cell contraction [9] . Consequently, the extent and integration of cell protrusion, contraction and retraction is non-uniform and varies, both among different cell types and within the same cell type during progression of the migration cycle [4] .
The mechanic mapping of the kinetics, mechanisms and variability of force-generation as the basis of cell migration in 3D tissues depends upon an integrative, multi-parameter analysis of net forces generated at any time-point, their causal relationship with individual cell protrusions and adhesion sites, and the divergence of net force for different cell migration modes and cell activation states. Whereas many approaches have been developed to monitor the force fields underlying dynamic cell-substrate interactions and cell migration across 2D surfaces (reviewed in [10] [11] [12] ), only few approaches allow to detect the cell mechanics within 3D tissue. As 3D environments for migration and traction analysis, cells are embedded in either synthetic substrate, typically elastic polyethylene glycol hydrogels [13, 14] , or scaffolds composed of physiological, in vivo-like polymers, such as fibrillar collagen matrices [15] . The forces generated by individual cells or cell populations are detected as displacement of co-embedded reference markers, such as beads, followed by mathematical postprocessing [5, 9, 16, 17] . Alternatively, or in addition, ECM fibrils are directly detected by differential interference contrast [18] or 3D confocal reflectance microscopy [19] [20] [21] to track the kinetics of reversible or irreversible displacement and transport [22, 23] . When combined with bright field and/ or fluorescence microscopy, 3D scaffold imaging in fixed or live cultures allows the time-and phase-resolved detection of cellmatrix interaction and cell-imposed ECM alignment during cell migration [16, 19, 20] .
In both 2D and 3D environments, the forces exerted by cells on the substrate are anisotropic in space, with polarized traction by the leading edge, and oscillatory over time alternating between high and low forces [5, 10] . For fibroblasts embedded in 3D fibrillar collagen, confocal reflectance microscopy has revealed cytoskeletal focalization and actomyosin mediated contractility as the basis of migration and structural remodeling of tissue [6, 24, 25] . In mesenchymal tumor cells, the mechanotransduction to collagen depends upon integrinmediated adhesion to collagen fibrils [26, 27] , myosin-II mediated contraction of actin filaments [20, 21, 24] , and intracellular mechanocoupling between adhesion receptors and the actin cytoskeleton by focal adhesion kinase, talin and p130Cas [16] . The main force vector may either result from a single protrusion persisting over extended time periods [26] , or multiple protrusions that form and retract to generate a combinatorial net vector of translocation over time [16] . Whereas cell-mediated force maps reveal marked quantitative variability from cell to cell, the mechanism by which the leading edge protrudes while maintaining mechanocoupling and traction of substrate during cell migration through 3D interstitial tissue remains unclear.
We here describe the technology and quantification approach for live-cell confocal reflectance microscopy combined with fluorescence detection of the actin cytoskeleton and postfixation molecular mapping of cell protrusions. Monitored at sub-micron resolution, we provide cell-substrate interaction kinetics and force analysis of mechanotransduction during cell migration through 3D fibrillar collagen. The data show how anisotropy at the leading edge is generated by a dominant cell protrusion, particularly by terminal actin-rich filopods that reversibly align along neighboring collagen fibrils and jointly move outward in a hand-like manner.
Materials and methods
Cells and cell culture in 3D collagen lattices B16F1 actin/GFP mouse melanoma cells [28] and wild-type human MV3 melanoma cells [29] were cultured at 37 1C and 5% CO 2 in humidified atmosphere in RPMI 1640 medium containing 50 U/ml penicillin and 50 mg/ml streptomycin (PAN, Heidenheim, Germany), 10% heat-inactivated FCS (Biowhittaker, Verwiers, Belgium) and for B16 cells also G418 (Geniticin, Oncogene, Germany).
3D collagen matrix cultures were generated from bovine type I collagen (Vitrogen, Nutacon BV, Leimniden, The Netherlands) at a concentration of 1.7 mg/ml. Cells were incorporated before collagen polymerization, and with lattice formation complete the spontaneous migration was monitored by time-lapse bright-field microscopy [30] . Viability of cells after migration experiments was routinely controlled after collagenase digestion of the collagen matrix and incubation with propidium iodide staining (Sigma, Taufenkirchen, Germany) followed by flow cytometry (FACS Calibur, Becton-Dickinson, Heidelberg, Germany).
Confocal reflection and fluorescence microscopy 3D confocal backscatter microscopy of living and fixed samples was carried out by simultaneous detection of transmission, confocal reflection and up to two fluorescence channels (Leica SP2 System, Leica Microsystems, Mannheim, Germany) using a 60 Â 1.2 NA objective. For B16 cells, the reflection signal was corecorded with actin/GFP fluorescence, whereas for MV3 cells CD44 was labeled as surface marker using mouse-anti-human CD44 mAb Hermes-3 (kindly provided by Sirpa Jalkanen, Turku, Finland). Hermes-3 interferes with the interaction between CD44 on lymphocytes and high endothelial venules but neither with CD44-hyaluronan interaction [31] nor the migration of MV3 cells in 3D collagen [26] .
For live-cell culture, dynamic sequences were obtained from 3D lattices using a temperature-controlled stage (37 1C) at 5% CO 2 and standardized depth (15-50 mm distance from the cover glass) for robust backscatter intensity. Simultaneous confocal z-sectioning for reflection and GFP channel was obtained from 3D image stacks (5-10 sections at 2 mm distance) at 3 to 5 min time intervals. Transmission sequences were co-registered from the central section of an image stack.
For some experiments, bright-field imaging was followed by fixation and immunostaining [26] . The samples were fixed (4% depolymerized para-formaldehyde, 10 min, 20 1C), washed and stained using the following probes: AlexaFluor 568-conjugated phalloidin (Molecular Probes, Leiden, The Netherlands); unconjugated mouse-anti-human fascin mAb 55K-2 (IgG1, Dako, Hamburg, Germany), which shows cross-reactivity to murine fascin [32] ; unconjugated polyclonal rabbit-anti-mouse VASP mAb IG731 (IgG1; Immunoglobe, Himmelstadt, Germany); and secondary Cy5-conjugated donkey-anti-goat F(ab') 2 fragment (Molecular Probes, Leiden, The Netherlands). To avoid fluorescence cross-talk from fixed samples, fluorescence channels were detected sequentially using single-laser excitation.
Cell tracking and digital image analysis
Cell migration was quantified from bright-field image sequences by time-resolved computer-assisted cell tracking and reconstruction of the xy coordinates of cell paths as steady-state speed for each 15 min-step interval [30] . The number of elongated protrusions per moving cell was counted manually from still images from time-lapse video-microscopy for B16F1 GFP/actin cells and for MV3 cells after 20 h in culture.
Digital image processing and analysis was performed using NIH ImageJ 1.3v (Wayne Rasband, National Institut of Health, USA) and Adobe Photoshop 6.0 (Adobe, Taskawa, Japan). The histograms were obtained for the fluorescence intensity of each pixel and fluorescence channel.
For time-resolved colocalization analysis of filopods and collagen fibers using the reflection and fluorescence signal, respectively, individual channels were background subtracted, thresholded for bright fluorescence (intensity value 128), binarized, and the colocalization was obtained as false-color signal (yellow) for each frame and over time ( Supplementary Figs. 1 and  2 ). The contact area generated by actin-rich cell protrusions in contact with collagen fibers was estimated by counting the colocalized pixel sum. The orientation of filopods engaging with individual collagen fibers in perpendicular or parallel orientation was determined manually.
Tracking of collagen fibers near the leading edge was obtained as the xy-displacement of individual collagen fibers selected for prominent backscatter signal that remained identifiable over the whole observation period. As most reliable reference points for tracking, nodes connecting 3 or more fibers were used preferentially. Displacement toward or away from the cell body were considered as traction (negative values) or relaxation (positive values), respectively. The speeds of the leading and trailing edges was obtained independently by manual tracking, as was the timedependent cell length from the most anterior filopod to the rear pole. To avoid background movement, samples with instable matrix position over time were excluded.
Results
As models for traction-force dependent migration, moderately invasive B16F1 melanoma cells expressing actin/GFP [28] and highly invasive and metastatic human MV3 cells [29] were incorporated into 3D collagen lattices and monitored for cell morphology, efficiency of migration and mechanotransduction during migration.
Elongation and migration of B16F1 actin/GFP and MV3 cells in 3D collagen matrices
When monitored over hours, both cell types developed elongated, spindle-shaped morphology with 1-3 prominent protrusions (i.e. 2 protrusions typically representing one in each leading and rearward direction) (Fig. 1A-C) . The path structure was persistent over hours, with infrequent interruptions by sharp turns (Fig. 1D,  E) . In B16F1 cells a subset of 50% spontaneously developed slow migration at speeds ranging from 0.05 to 0.25 mm/min, whereas in MV3 cells more than 90% of the population was spontaneously moving at two-fold higher median speeds (0.05 to 0.4 mm/min) ( Fig. 1F-H) . Thus, albeit at different efficacies, both cell types generated spindle-shaped morphology and a relatively slow, mesenchymal type of migration in 3D collagen lattices [7, 33] .
Mapping of the leading pseudopod and interaction with collagen fibers in B16F1 cells
In B16F1 actin/GFP cells, elongation dynamics were mediated by a prominent actin-rich pseudopod forming the leading edge, followed by movement of the cell body ( Fig. 2A, B ; Supplementary information, Movie 1). Distribution of actin was asymmetric with actin-rich protrusions in contact to collagen fibers at the leading, but not trailing edge (Fig. 2C, D) . Thereby, the distribution of actin/GFP was consistent with the signal distribution obtained by staining with phalloidin to detect multimeric actin ( Supplementary Fig. 3A-C) , suggesting that filamentous actin represents most of the bright GFP signal. Whereas the core of the leading pseudopod was mostly devoid of strong actin signal and notably lacked stress fibers, the pseudopod tip formed multiple finger-like termini with prominent actin accumulation, a subset of which maintained direct contact with realigned collagen fibers at any time point (Fig. 2C, D) . Besides actin, finger-like protrusions at the leading edge contained fascin in their core and dotlike VASP foci toward the anterior end (Fig. 2E) , consistent with morphology and molecular organization of filopods. VASP is typically localized at the tip of lamellipods and filopods where it delivers actin monomers to growing filaments, accelerates filament elongation and protrusion formation [34, 35] . Fascin cross-links actin filaments in parallel and maintains filament bundling and stability in extending filopod-like protrusions [36] . Other cell parts with strong accumulation of actin included zones of strong cell confinement by collagen fibers and occasional foci at the retracting cell rear ( Fig. 2B ; Supplementary Fig. 3D ). Thus, unipolar actin distribution was developed with focalization toward filopods in hand-like configuration engaged with collagen fibers at the front end of the leading pseudopod.
Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j.yexcr.2013.04.003.
Deformation and displacement of collagen fibers during B16F1 cell migration
Using the time-lapse confocal reflection sequence (Supplementary information, Movie 2), the forces imposed by migrating B16F1 actin/GFP cells upon the 3D matrix near the leading pseudopod were detected by xy-tracking of individual collagen fibers with prominent backscatter signal that remained identifiable over the whole time period (Fig. 3A) . While the leading pseudopod was advancing, all tracked collagen fibers were displaced in a nonlinear fashion (Fig. 3B , with tracks orthotopically superimposed). As reference, the tracks of three collagen fibrils positioned along the forward vector of the dominant pseudopod (Fig. 3B , dashed arrow; Supplementary information, Movie 3) showed similar oscillatory displacement over time, consisting of several phases. The hand-overhand forward movement of the pseudopod was first associated with near-continuous traction of collagen fibers toward the cell body (Fig. 3C, 0-45 min) , followed by a phase of oscillatory cycles of fiber traction and partial relaxation (Fig. 3C, 45-90 min) . Maximum fiber displacement per frame was typically below 1 μm, with occasional peak displacement of 1-3 mm (Fig. 3C ) with peak velocities near 0,18-0.2 mm/min in either traction and relaxation direction (Fig. 4A) .
Thus, the leading edge generated significant deformation of the collagen fibril network, consistent with contraction-relaxation of leading edge kinetics during migration across 2D surfaces [12] .
Multi-parameter mapping of cell-matrix interaction, force generation, and migration
When monitored in context of cell extension and retraction cycles during migration, matrix deformation reflected two distinct dynamic phases. First cell elongation was mediated by the moving leading edge (phase 1, 0-45 min) with the trailing edge immobile. 
Collagen fibrils Actin/GFP
Actin / Fascin This phase was followed by cycles of fiber traction and relaxation during ongoing forward movement of the leading edge and, with slight time delay, the step-wise displacement of the trailing edge with maximum speed of up to 0.5 mm/min (phase 2, 45-90 min)
( Fig. 4A, B ; delay marked with black arrows). As consequence, in phase 1 the cell length increased and reached a plateau that was maintained thereafter (Fig. 4B, purple line) , suggesting the maintenance of tension along the cell body in parallel to oscillatory traction upon collagen fibers. Concurrent with cell elongation, the number of filopods in parallel alignment to collagen fibers increased with cell elongation with a plateau reached and maintained during translocation of the cell body and trailing edge (Fig. 4C) . Consistent with a higher number of pseudopods engaged and the resulting change of cell-matrix interaction area, the mass of colocalized pixels retrieved from actin/GFP and collagen fibril backscatter signal increased toward a steady-state ) and thus considered as dedicated "in-path" region.
plateau (Fig. 4C, Supplementary information, Figs. 1 and 2 ; Movie 4). Thus, multiple filopods align in parallel to collagen fibrils in a reversible, finger-over-finger manner while building up and maintaining oscillatory traction toward the collagen fibril network and executing elongation of the leading pseudopod.
Dynamic force mapping of leading edge dynamics of migrating MV3 cell
The mesenchymal migration of MV3 cells through 3D collagen is highly traction-dependent, depends primarily upon α2β1 integrins [26] , and leads to structural collagen remodeling and alignment [37] . Similar to B16F1 cells, the leading edge of MV3 cells generated substantial traction upon collagen fibers while advancing the leading edge in a hand-like manner ( Fig. 5A, B ; Supplementary information, Movie 5). Single-fiber tracking of two positions in the direction of the main strain vector (Fig. 5B) showed fiber displacement in the range of 0.5-1 μm per 5 min fame interval (Fig. 5C, D) , resulting in oscillatory phases of traction and relaxation while the leading edge was advancing by approximately 10 μm (Fig. 5E) . Together, the data from two independent melanoma cell lines suggest that steps 1 and 2 of the migration cycle rely upon the combined action of a dominant primary leading edge with handlike configuration, mediated by secondary filopod-like protrusions that engage with collagen fibers. Due to their multiplicity and independent interaction dynamics with collagen fibrils, these filopods mediate traction force and reinforce the main vector by multi-focal interaction, not unlike the multiplicity of focal adhesions during adhesive migration across 2D surface [1] .
Discussion
The leading edge of both, B16F1 and MV3 cells follow the paradigm of mesenchymal cell migration, in reminiscence of fibroblasts during migration in 3D ECM [6] . Mesenchymal migration depends upon focalized force transmission to collagen fibrils via integrin adhesion receptor and adapter proteins vinculin, paxillin and zyxin, which . Phase 1 showed leading edge movement with gain of cell length but cell rear position unchanged, whereas phase 2 comprised jointly moving leading and trailing edge, and stable cell length. Net migration thus results from a cater-pilar like sequence of leading edge movement followed by rear retraction (indicated by black arrows towards the end of phase I and during phase II). (C) Absolute numbers of actin rich filopods at the leading edge without (blue), perpendicular (red) or parallel (green) alignment with collagen fibers and resulting colocalized pixel mass (yellow square) of actin/GFP (red) with collagen fibers (green), using image segmentation described in Supplementary Fig. 3 .
couple to the actomyosin cytoskeleton [18, 27, 38] . By coregistering actin dynamics and the deformation of collagen fibrils as read-out of cell-generated traction force, we here reveal how leading filopods form focalized transient adhesions by aligning in parallel to collagen fibrils (Fig. 6 ). The leading pseudopod maintains 4 to 8 independent filopod-like protrusions with their quite individual interaction kinetics to collagen fibrils, cycles of traction and relaxation can be transmitted at any time point by a variably engaged filopod subset. This steadystate process of filopod-collagen fibril interaction and turn-over avoids rearward slipping during turn-over of interactions and thereby secures leading edge forward movement against the direction of growing traction force (Fig. 6) . Thus, adhesion-detachment cycles of finger-like actin-rich substructures underlie a hand-like crawling of the cell front along the fibrillar collagen network for position change and concurrent force generation, reminiscent of "hand-over-hand" like fibroblast-mediated transport of a loose collagen fiber by a myosin-II dependent process in a 2D model [39] .
The data further show a mode of cell migration driven by a single dominant protrusion, with directionally persistent track generation as outcome. For 3D ECM-based models, the relevance of protrusion type, localization and the spatiotemporal integration of forces generated by one versus several protrusions over time remain controversial. Multiple short-lived protrusions are able to jointly generate a net vector and determine mechanotransduction and the direction of migration concurrently or sequentially [16] . Alternatively, as shown here, a single prominent and long-lived protrusion is sufficient to move via terminal filopods along collagen fibers and, by generating traction, pull both local collagen scaffold and cell body along a single force vector. In mesenchymal B16F1 and MV3 cells this leading-protrusion mechanism is present in 90% of all moving cells at any given time and only abandoned during infrequent changes of direction, shown by long-term time-lapse microscopy and cell tracking. Thus, depending on the cell type, ECM structure and time scale of observation, a range of protrusion types and traction mechanisms may be available within the same cell, delivering adaptability and directional flexibility to the invasion process. The here described bimodal imaging approach allows the highresolution detection and semiquantitative analysis of traction forces generated by migrating cells in 3D fibrillar extracellular matrices without the need for an engineering environment. Reflection-based confocal microscopy of fiber displacement represents a simple, reliable, sensitive tool to detect even small traction and relaxation movements of individual fibers and fibrils, bundles and fiber nodes, and thus renders the incorporation of indicator beads dispensable [5, 9, 17] . The maximum density of data points achieved depends upon the actual fiber density, thus enabling subtle traction force analysis at high resolution. The reflection signal is generated by any scaffold structure, as long as the fibril caliber matches the scatter properties of visible light with an approximately lower limit of 50 nm fibril diameter. Besides confocal reflectance microscopy, the here used high-resolution image segmentation and reconstruction approach is further compatible with two-photon excited second and third harmonic generation imaging [40] . Thus future work using scaffold tracking together with multi-parameter analysis of fluorescent proteins will provide multi-scale analysis of mechanical and molecular mechanisms underlying cell migration through complex tissue scaffolds in vitro and, likely, in vivo. Fig. 6 -Model for finger-like dynamics of filopods to mediate force generation and translocation of the leading edge. Multiple filopods transiently bind to and pull on collagen fibrils, causing reversible position change of both filopod and fibril. First, a cell protrusion via a subset of leading filopods binds to collagen fibrils and generates a basic tonus with limited fiber realignment and tension. Whereas tension-generating filopods remain attached, unbound filopods protrude and align in parallel to freely available collagen fibrils and generate additional traction force. In turn, a subset of bound filopods becomes released to advance in forward direction. Thus number of bound and unbound filopods alternate while different degree of traction remains maintained and the cell elongates and ultimately moves forward. White arrow, direction of migration. Blue arrows, traction and displacement of the leading edge. Black arrows, force generated by individual filopods.
